We investigated the immunogenicity of recombinant double-layered rotavirus-like particle (2/6-VLPs) vaccines derived from simian SA11 or human (VP6) Wa and bovine RF (VP2) rotavirus strains. The 2/6-VLPs were administered to gnotobiotic pigs intranasally (i.n.) with a mutant Escherichia coli heat-labile toxin, LT-R192G (mLT) Rotaviruses are the leading cause of gastroenteritis in infants and young children worldwide (37). Rotavirus particles consist of triple-layered capsids containing a segmented double-stranded RNA genome. The rotavirus core is composed of VP2, which is the most abundant protein of the central core (15% of total virion mass) and a component of the RNA polymerase complex (26). The rotavirus major inner capsid protein is VP6, which is the most abundant structural protein of rotavirus (Ͼ50% of total virion mass) (26). VP6 is highly antigenic and contains antigenic determinants shared by all group A rotaviruses and antigenic determinants unique to the subgroup specificity. In general, most animal group A rotaviruses (including SA11) are subgroup I, whereas most human group A rotaviruses (including Wa) are subgroup II (34). The surface layer of the rotavirus capsid is composed of VP7 with VP4 spikes emanating from the outer surface (26). VP7 and VP4 independently induce virus-neutralizing (VN) antibodies (34). Diversity in VP4 and VP7 neutralizing antigenic determinants determines rotavirus P and G serotype specificity, respectively.
Rotaviruses are the leading cause of gastroenteritis in infants and young children worldwide (37) . Rotavirus particles consist of triple-layered capsids containing a segmented double-stranded RNA genome. The rotavirus core is composed of VP2, which is the most abundant protein of the central core (15% of total virion mass) and a component of the RNA polymerase complex (26) . The rotavirus major inner capsid protein is VP6, which is the most abundant structural protein of rotavirus (Ͼ50% of total virion mass) (26) . VP6 is highly antigenic and contains antigenic determinants shared by all group A rotaviruses and antigenic determinants unique to the subgroup specificity. In general, most animal group A rotaviruses (including SA11) are subgroup I, whereas most human group A rotaviruses (including Wa) are subgroup II (34) . The surface layer of the rotavirus capsid is composed of VP7 with VP4 spikes emanating from the outer surface (26) . VP7 and VP4 independently induce virus-neutralizing (VN) antibodies (34) . Diversity in VP4 and VP7 neutralizing antigenic determinants determines rotavirus P and G serotype specificity, respectively.
The viral proteins and determinants associated with protective immunity against rotavirus have not been fully delineated. Fecal or intestinal immunoglobulin A (IgA) antibodies or antibody-secreting cells (ASC) directed to rotavirus were suggested as correlates of protection in several studies of different species, including humans (15, 20, 28, 42, 64, 71) . Neutralizing antibodies to VP4 and VP7 were protective against rotavirus infection in mice, using monoclonal antibodies or recombinant VP4 or VP7 rotavirus proteins (2, 6, 29, 33, 41, 52) . Antibodies to VP6 do not neutralize rotaviruses in vitro, and the role of VP6 in inducing protective immunity has not been clearly defined. Several studies have indicated that antibodies to VP6 are protective against rotavirus infection in mice (7, 8, 12, 31) . Burns and colleagues (7) reported that IgA monoclonal antibodies to VP6 secreted by hybridoma cell backpack tumors protected adult mice against rotavirus infection following challenge, possibly by intracellular neutralization of rotavirus. Chen et al. (8) and Herrmann et al. (31) reported that microencapsulated murine rotavirus VP6 plasmid DNA administered orally or VP6 plasmid DNA inoculated intradermally via gene gun also induced a high degree of protection against rotavirus shedding in adult mice. However, discordant results have been reported: murine rotavirus VP6 plasmid DNA was antigenic when administered intradermally to mice using a gene gun but failed to protect adult mice against infection following rotavirus challenge (11) .
The success in producing different formulations of VLPs by coexpression of different combinations of rotaviral structural proteins in a baculovirus expression system (22) has facilitated studies of potentially more cost-effective and safer, noninfectious rotavirus subunit vaccines (16) . The coexpression of VP2 and VP6, the major core and inner capsid proteins, results in their spontaneous assembly into double-layered 2/6-rotaviruslike particles (2/6-VLPs). VLPs are noninfectious because they lack nucleic acid, but they are morphologically and antigenically similar to the native virus (22) . The advantages of VLP vaccines may include a lack of side effects seen after oral immunization with live rotavirus vaccines (diarrhea, fever, and possibly intussusception) (1, 66) and their stability during storage (27) . Double-layered 2/6-VLPs administered intranasally (i.n.) to adult mice with cholera toxin or mutant Escherichia coli heat-labile toxin (mLT) conferred protection against infection upon challenge with wild-type EC wt murine rotavirus (53, 54) . Similarly, double-layered inactivated rotavirus particles purified from cell culture administered i.n. with mLT elicited partial protection against EDIM rotavirus shedding in adult mice (47) . In rabbits immunized intramuscularly (i.m.) with SA11 2/6-VLPs in Freund's adjuvant or QS21 (14) , protection against ALA lapine rotavirus shedding was variable, with some rabbits having high levels of protection and others showing little to no protection.
Protection against infection, but not disease, was assessed in adult mice or rabbit models because these species are susceptible to rotavirus-induced diarrhea only during the first 2 weeks of life (13, 69) . Because such adult mouse or rabbit models cannot be used to assess protection against rotavirus diarrhea, a neonatal gnotobiotic pig model was used in this study to determine if 2/6-VLPs could induce protection against disease. Gnotobiotic pigs present a number of important advantages as an animal model (60, 61) for investigating immune responses to human rotavirus (HRV) and for evaluating vaccine efficacy: they closely resemble humans in gastrointestinal physiology and in the development of mucosal immunity; they are susceptible up to at least 8 weeks of age to infection and disease with several HRV strains (60, 61, 62, 67, 72) ; they develop histopathologic lesions in the small intestine following HRV infection (67); they are born devoid of maternal antibodies but are immunocompetent, allowing assessment of true primary immune responses (38, 49, 56) ; and their gnotobiotic status ensures that exposures to extraneous rotaviruses or other enteric pathogens are eliminated as potential confounding variables.
To assess the immunogenicity of 2/6-VLPs, enzyme-linked immunospot (ELISPOT) assays were used to quantitate in vivo antigen-activated ASC (effector B cells) and in vitro antigenreactivated ASC (derived from memory B cells) from intestinal and systemic lymphoid tissues of gnotobiotic pigs inoculated i.n. with 2/6-VLPs. The mLT LT-R192G was added as a mucosal adjuvant to the 2/6-VLP vaccines administered to subsets of pigs. The mLT reportedly increased immune responses and protection rates in mice vaccinated with VLPs (47, 54) .
MATERIALS AND METHODS
VLPs. VLPs containing VP2 and VP6 of simian SA11 (SA11 2/6-VLPs) and VP2 from bovine RF (39) and VP6 from virulent Wa HRV (Wa-RF 2/6-VLPs) were used to examine if VP6 of different subgroup specificities (subgroups I and II, respectively) influenced the immune responses or protection to challenge with subgroup II Wa HRV. SA11 2/6-VLPs and Wa-RF 2/6-VLPs were produced in Spodoptera frugiperda 9 insect cells. The assembled VLPs were purified using CsCl 2 gradients and characterized as previously described (22) . Protein concentrations of the purified 2/6-VLPs were determined by the Bio-Rad (Hercules, Calif.) protein assay. The endotoxin level in each 2/6-VLP preparation was quantitated (Ͻ0.05 U/dose) with the Limulus amebocyte assay (Associates of Cape Cod, Inc., Woods Hole, Mass.). Electron microscopy or immune electron microscopy was performed on each of the VLP preparations just prior to inoculation to confirm the integrity of the VLPs.
Adjuvant. LT-R192G was provided by J. Clements (Tulane University Medical Center, New Orleans, La.). This mLT, which has a mutation (from arginine to glycine) at amino acid position 192 of the protein, retains its adjuvant activity but with greatly reduced toxicity (24) . The dose of 5 g for gnotobiotic pigs was determined in preliminary experiments, because a higher dose (10 g) produced diarrhea in ϳ85% of the neonatal pigs.
Virus. The attenuated (cell culture-adapted) Wa strain (P1A [8] ,G1) of HRV propagated in monkey kidney (MA104) cells (67, 70) was used for ELISPOT and VN assays. The virulent Wa HRV (intestinal contents from the 16th passage in gnotobiotic pigs) was used to challenge the pigs (67, 71, 72) . The 50% infectious dose (ID 50 ) of virulent Wa HRV in piglets was determined as approximately 1 focus-forming unit as previously described (67) .
Gnotobiotic pigs. Near-term pigs were derived by hysterectomy and maintained in isolation units as described previously (50) . Pigs were assigned to the following groups as identified in Table 1 : (i) two doses of SA11 2/6-VLPs plus mLT (SA11-2ϩmLT), two doses of SA11 2/6-VLPs alone (SA11-2), two doses of Wa-RF 2/6-VLPs alone (Wa-2), and mock-inoculated twice (mock control) and (ii) three doses of SA11 2/6-VLPs plus mLT (SA11-3ϩmLT), three doses of Wa-RF 2/6-VLPs plus mLT (Wa-3ϩmLT), and three doses of mLT alone (mLT control). A subset of mock-inoculated pigs were mock challenged to confirm that under the housing and feeding conditions the pigs did not develop diarrhea spontaneously.
Inoculation. (i) Experiment I: two doses of SA11 or Wa-RF 2/6-VLPs with or without mLT. At 3 to 5 days of age and 10 days later, pigs in the SA11-2ϩmLT group were inoculated i.n. with 250 g of SA11 2/6-VLPs with 5 g of mLT. The VLPs and mLT were diluted in 0.5 ml of sterile TNC buffer (10 mM Tris-HCl [pH 7.5], 140 mM NaCl, 10 mM CaCl 2 ) and slowly administered by drops into the nostrils. Group SA11-2 and Wa-2 pigs were similarly inoculated i.n. with 250 g of SA11 and with Wa-RF 2/6-VLPs without mLT, respectively; mock control pigs were mock inoculated i.n. with an equal volume of TNC buffer.
(ii) Experiment II: three doses of SA11 or Wa-RF 2/6-VLPs with mLT. At 3 to 5 days of age, the group SA11-3ϩmLT pigs were inoculated i.n. with 250 g of SA11 2/6-VLPs plus 5 g of mLT, followed by two additional doses of SA11 2/6-VLPs plus mLT at postinoculation day (PID) 10 and PID 20. The group Wa-3ϩmLT pigs were given three doses of 250 g of Wa-RF 2/6-VLPs plus 5 g of mLT; the mLT control pigs were given three doses of 5 g of mLT alone, in the same manner as used for groups SA11-3ϩmLT and Wa-3ϩmLT.
Assessment of protection. At 7 (three-dose regimen) or 11 (two-dose regimen) days after the last inoculation, subsets of pigs from all groups were challenged orally with ϳ10 6 ID 50 of virulent Wa HRV (67) . This high challenge dose was used previously (71, 72) and in the present study to ensure that nearly 100% of the control pigs developed diarrhea upon challenge. Rectal swabs were collected for 6 days after challenge for assessment of diarrhea and virus shedding. Daily diarrhea scores were based on fecal consistency scored as follows: 0, normal; 1, pasty; 2, semiliquid; and 3, liquid. Pigs with daily fecal consistency scores of Ն2 were considered diarrheic. The cumulative fecal score was calculated as the mean of the sum of the daily fecal scores in each group from postchallenge day (PCD) 1 to 6. Infectious Wa HRV was detected by a cell culture immunofluorescence assay (5) , and Wa HRV antigen was detected by an antigen capture enzyme-linked immunosorbent assay (ELISA) from rectal swab fluids as previously described (32, 59) .
Plaque reduction VN assay. Blood samples were collected from all pigs at PID 0, PID 10, and PCD 0 and at the time of euthanasia. The VN titers of sera were determined by a plaque reduction assay as described previously (59, 71) .
Isolation of MNC. A subset of pigs from each group was euthanized, and the small intestines (duodenum and ileum), mesenteric lymph nodes (MLN), spleen, peripheral blood, and bone marrow (BM) were collected at PID 21 (pigs given two doses) or PID 28 (pigs given three doses) and at PCD 7. Mononuclear cells (MNC) from the duodenum, ileum, MLN, spleen, and peripheral blood lymphocytes (PBL) were isolated as described elsewhere (71, 72) . BM lymphocytes were collected from the femurs of pigs by flushing the BM cavity with 5 ml of Ca 2ϩ -Mg 2ϩ -free Hanks balanced salt solution (Gibco BRL, Gaithersburg, Md.). Single-cell suspensions were obtained by passing the solution containing BM through stainless steel 80-mesh screens of a cell collector (Cellecter; E-C Apparatus Corp., St. Petersburg, Fla.), and the MNC were isolated from BM by Ficoll-Hypaque (Ficoll-Paque 1.077; Sigma Chemical Co., St. Louis, Mo.) density gradient centrifugation, similar to the procedure used to isolate MNC from peripheral blood (71) .
ELISPOT assay for virus-specific ASC. An isotype-specific ELISPOT assay for enumerating IgM, IgA, and IgG rotavirus-specific ASC (71, 72) was used to evaluate effector and memory B-cell responses to Wa HRV. The ELISPOT assay performed on the day of MNC extraction was used to determine the numbers of in vivo antigen-activated primary effector B cells (referred to as ASC), because plasma cells secrete antibody spontaneously. The ELISPOT assay performed after MNC were stimulated with rotavirus or mock antigen in cell culture for 5 days was used to quantitate the numbers of effector B cells derived from memory B cells (referred to as memory B cells). Memory B cells were identified on the basis of their ability to proliferate, differentiate, and secrete antibody upon stimulation by the recall Wa HRV antigen (63, 65, 72) . The rotavirus antigen used in the in vitro ELISPOT assay to stimulate the in vivo-sensitized MNC for enumeration of memory B cells was prepared from attenuated Wa HRV propagated in MA104 cells and was semipurified by ultracentrifugation through a 40% (wt/vol) sucrose cushion (10) . Mock antigen from uninfected MA104 cells was prepared in an identical manner. The duration of antigen stimulation (5 days) and the dose of the semipurified virus antigen added to the MNC cultures (6 g per 3.75 ϫ 10 6 MNC) were optimized according to the day and dose that resulted in maximum numbers of memory B cells detected in the ELISPOT assay. Memory B-cell responses were examined only in pigs that received SA11 2/6-VLPs with or without mLT and the mLT controls.
Statistical analysis. Fisher's exact test (SAS Institute Inc., Cary, N.C.) was used to compare proportions of pigs with diarrhea and virus shedding among groups. One-way analysis of variance followed by Duncan's multiple-range test was used to compare mean days of onset and duration of virus shedding and mean duration and mean cumulative scores of diarrhea. The ASC numbers were compared among groups using the Kruskal-Wallis rank sum (nonparametric) test. Statistical significance was assessed at P Ͻ 0.05 for all comparisons.
RESULTS

VN antibody responses.
No pigs developed detectable Wa rotavirus-specific VN antibody responses, as expected, until after challenge. At PCD 7, the geometric mean titers of the VN antibodies were low (ranging from 11 to 22) and did not differ significantly among vaccinated or control groups (data not shown).
ASC responses pre-and postchallenge to two doses of rotavirus 2/6-VLPs and effect of mLT adjuvant. The immunogenicity of the 2/6-VLPs and the adjuvant effect of mLT were evaluated by enumerating virus-specific ASC responses. No virus-specific ASC were detected prechallenge in the mock control pigs. Rotavirus-specific IgM, IgA, and IgG ASC responses were detected prechallenge in the duodenum and ileum of pigs given either SA11-2ϩmLT or SA11-2 alone. Only very low or no rotavirus-specific ASC of any isotype were detected prechallenge in MLN, spleen, PBL, or BM of these two groups of pigs except for IgM ASC in the spleen of SA11-2 pigs (Fig. 1) . The IgM, IgA, and IgG ASC numbers in the duodenum and ileum of SA11-2ϩmLT pigs were ϳ2-to 9-fold higher than those in the SA11-2 pigs and ranged from 3 to 37 ASC per 5 ϫ 10 5 MNC. The mean numbers of IgM and IgG ASC in the ileum of SA11-2ϩmLT pigs were significantly higher than those in the SA11-2 pigs at PID 21 (Fig. 1A) .
After challenge with virulent Wa HRV, significant anamnestic ASC responses were detected in both the SA11-2ϩmLT and SA11-2 pigs compared to the prechallenge ASC numbers (Fig. 1) . In the SA11-2ϩmLT group, the mean numbers of IgA and IgG ASC in the duodenum and ileum increased 2.5-to 6-fold and ranged from 43 to 92 ASC per 5 ϫ 10 5 MNC; the IgG ASC in MLN, spleen, and BM increased significantly and ranged from 7 to 34 ASC per 5 ϫ 10 5 MNC. The numbers of IgG ASC in the duodenum and MLN and the numbers of IgA and IgG ASC in the ileum and spleen of the SA11-2ϩmLT pigs were significantly higher than those in challenged mock controls at PCD 7 ( Fig. 1) . In the SA11-2 group, the mean numbers of IgM, IgA, and IgG ASC in the duodenum and ileum increased 11-to 23-fold, ranging from 34 to 98 ASC per 5 ϫ 10 5 MNC (Fig. 1A) . The IgA and IgG ASC numbers in the duodenum and ileum and the IgG ASC numbers in MLN, spleen, and BM of SA11-2 pigs were also significantly higher than those in the challenged mock control pigs at PCD 7 ( Fig.  1) . Thus, although SA11 2/6-VLPs with mLT were more effective in inducing primary ASC responses in the intestinal lymphoid tissues than 2/6-VLPs without mLT, both regimens effectively primed for anamnestic ASC responses in intestinal and systemic lymphoid tissues after oral challenge with Wa HRV. The immunogenicity of two doses of Wa-RF VLPs was not analyzed prior to challenge but was analyzed in two pigs following challenge with homologous Wa HRV. The mean numbers of IgM, IgA, and IgG ASC in the duodenum of Wa-2 pigs were comparable to those in the SA11-2 pigs at PCD 7. The numbers of IgA and IgG ASC in the ileum of Wa-2 pigs were higher, but not significantly, than for the SA11-2 pigs at PCD 7 (Fig. 1A) .
ASC responses pre-and postchallenge to three doses of SA11 2/6-VLPs؉mLT or Wa-RF 2/6-VLPs؉mLT. Three doses of SA11 2/6-VLPsϩmLT or Wa-RF 2/6-VLPsϩmLT were given to pigs to examine if protection could be induced and whether the number of doses (two versus three) or subgroup specificity of the VLPs and challenge virus influenced the magnitude of the immune responses. No significant protection was evident in any group given three doses of VLPsϩmLT (Table  1) . No virus-specific ASC were detected prechallenge in the mLT control pigs. Prechallenge, the ASC responses induced by three doses of SA11 2/6-VLPsϩmLT in intestinal ( Fig. 2A ) and systemic lymphoid tissues (Fig. 2B) showed similar patterns and no significant differences in magnitude compared to the SA11-2ϩmLT group (Fig. 1) . Three doses of Wa-RF 2/6-VLPsϩmLT induced 4-to 7-fold-higher mean numbers of IgG ASC but 6-to 16-fold-lower mean numbers of IgA ASC in the duodenum and ileum compared to SA11-3ϩmLT prechallenge.
After challenge, the mean numbers of IgA and IgG ASC in the SA11-3ϩmLT pigs increased significantly (ϳ2-to 5-fold for IgA and 5-to at least 44-fold for IgG) compared to prechallenge ASC numbers in most tissues, except IgG in the duodenum and IgG and IgA in BM (Fig. 2) . The mean numbers of IgA ASC in the Wa-3ϩmLT pigs increased significantly in the duodenum and ileum (88-and 59-fold, respectively); IgG ASC increased significantly (5-to at least 89-fold) in MLN, spleen, peripheral blood, and BM postchallenge (Fig.  2) . IgG ASC in the duodenum, ileum, MLN, and spleen of SA11-3ϩmLT pigs and in all tissues of Wa-3ϩmLT pigs were significantly higher than in the mLT controls postchallenge (Fig. 2) . IgA ASC in the ileum of the SA11-3ϩmLT pigs and in the duodenum and ileum of the Wa-3ϩmLT pigs were significantly higher than in the corresponding tissues of the mLT controls at PCD 7 ( Fig. 2A) . Pigs inoculated with Wa3ϩmLT and challenged with homologous Wa HRV developed higher, but not significantly, anamnestic IgA and IgG ASC responses in the ileum compared to pigs inoculated with SA11-3ϩmLT and challenged with Wa HRV.
Rotavirus-specific memory B-cell responses. To confirm the immunogenicity of the 2/6-VLPs, memory B-cell responses to SA11 2/6-VLPs in the ileum, MLN, spleen, PBL, and BM of pigs inoculated i.n. with SA11 2/6-VLPs with or without mLT (groups SA11-2ϩmLT, SA11-2, SA11-3ϩmLT, and mLT controls) were quantitated by ELISPOT assay both before and after challenge with Wa HRV. Before challenge, high numbers of IgM, IgA, and IgG memory B cells (ranging from 39 to 505 ASC per 5 ϫ 10 5 MNC) were detected in the ileum of pigs given either two or three doses of SA11 2/6-VLPsϩmLT (Fig.  3) . In contrast, memory B-cell numbers in the ileum of the SA11-2 pigs were 4-to 100-fold less at PID 21/PCD 0 (ranging from 5 to 37 ASC per 5 ϫ 10 5 MNC) (Fig. 3) . The memory B-cell numbers in the MLN, PBL, and BM were minimal (0 to 4 ASC per 5 ϫ 10 5 MNC) in all three groups inoculated with SA11 VLPs (groups SA11-2ϩmLT, SA11-2, SA11-3ϩmLT) and zero in all tissues of the mLT controls.
After challenge, IgG ASC were the predominant isotype in the ileum of all groups of pigs inoculated with two or three doses of SA11 2/6-VLPs with or without mLT. Mean numbers of IgA and IgG memory B cells increased in MLN and all systemic lymphoid tissues in the three groups of VLP-inoculated pigs postchallenge. In SA11-2 pigs, the numbers of IgA memory B cells increased significantly postchallenge in the MLN and PBL, whereas the numbers of IgG memory B cells increased significantly in the ileum, PBL, and BM. In SA11-2ϩmLT pigs, the numbers of IgA memory B cells increased significantly in MLN, spleen, and PBL, whereas the numbers of IgG memory B cells increased significantly in MLN, spleen, and BM. Among the three groups (SA11-2ϩmLT, SA11-2, and SA11-3ϩmLT), the highest numbers of IgG memory B cells after challenge were in the MLN, spleen, and PBL of SA11-3ϩmLT pigs (Fig. 3) .
Rotavirus 2/6-VLPs administered i.n. with or without mLT failed to protect pigs against rotavirus challenge. We conducted experiments to determine if two or three doses of 2/6-VLPs with or without mLT induced protection against rotavirus challenge. We also examined if subgroup specificity of the VLPs (SA11-3ϩmLT versus Wa-3ϩmLT) influenced protection against Wa HRV challenge. No statistically significant protection was conferred by any of the vaccination regimens. After challenge, mock-inoculated controls and pigs inoculated with mLT alone developed typical patterns of virus shedding and diarrhea as described previously (71, 72) . All pigs shed virus except for one of five pigs inoculated with three doses of SA11 2/6-VLPsϩmLT (Table 1 ). All pigs developed diarrhea after challenge except for one of five pigs inoculated with two doses of SA11 2/6-VLPs. There were no significant differences in percentage and mean duration of virus shedding and diarrhea, mean days to onset of shedding, mean peak titer of virus shed, and mean cumulative diarrhea scores (Table 1) . Pigs inoculated with SA11 or Wa-RF 2/6-VLPs without mLT shed slightly less virus after challenge (Table 1) . Because there were no statistically significant differences among any groups, the results of statistical analysis are not marked in Table 1 .
DISCUSSION
The immunogenicity of rotavirus 2/6-VLPs was assessed in a gnotobiotic pig model of rotavirus disease. The VLPs derived from SA11 or Wa-RF rotaviruses and administered i.n. to gnotobiotic pigs induced rotavirus-specific IgM, IgA, and IgG ASC and memory B-cell responses in intestinal lymphoid tissues but minimal or low level ASC and memory B-cell re-FIG. 1. Isotype-specific ASC to Wa HRV in gnotobiotic pigs inoculated i.n. with two doses of SA11 2/6-VLPsϩmLT (s), SA11 2/6-VLPs alone (s), or Wa-RF 2/6-VLPs alone (o) or mock inoculated (ᮀ) and challenged with virulent Wa HRV. MNC from duodenum, ileum, and MLN (A) and from spleen, PBL, and BM (B) of pigs were collected and tested by ELISPOT assay on PID 21/PCD 0 and on PID 28/PCD 7, respectively. Data represent the mean number of Wa HRV-specific ASC per 5 ϫ 10 5 MNC for four to five pigs at each time point, except that only two pigs inoculated with Wa-RF 2/6-VLPs were euthanized at PID 28/PCD 7 and no pigs in this group were euthanized before challenge at PID 21/PCD 0. Error bars represent standard error of the mean. ‫,ء‬ significant difference (Kruskal-Wallis rank sum test, P Ͻ 0.05) in ASC numbers between PID 21/PCD 0 and PID 28/PCD 7 for the same isotype in the same group; @, significant difference (Kruskal-Wallis rank sum test, P Ͻ 0.05) in ASC numbers between SA11 2/6-VLPsϩmLT and SA11 2/6-VLPs groups for the same isotype at the same time point; #, significant difference (Kruskal-Wallis rank sum test, P Ͻ 0.05) in ASC numbers compared to mock controls for the same isotype at the same time point.
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IMMUNOGENICITY BUT LACK OF EFFICACY OF Wa 2/6-VLPssponses in systemic lymphoid tissues before challenge. After challenge with virulent Wa HRV, anamnestic IgA and IgG ASC and memory B-cell responses were detected in intestinal lymphoid tissues of all VLP-inoculated groups. However, the intestinal ASC responses induced by the 2/6-VLP vaccines failed to confer protection against rotavirus challenge. In pigs inoculated with live, replicating virulent or attenuated Wa HRV, the magnitude of the virus-specific IgA ASC responses in intestinal lymphoid tissues was associated with protection against challenge with virulent Wa HRV. The virulent Wa HRV-inoculated pigs were protected against infection and disease at challenge at PID 21 to 28, which was when the peak virus-specific IgA ASC responses were observed in the intestinal lymphoid tissues (71) . The prechallenge peak mean number of intestinal IgA ASC induced by virulent Wa HRV was ϳ2-fold higher than the peak mean IgA ASC numbers in the 2/6-VLP vaccinated groups. This lower antibody response induced by VLPs compared to live virulent rotavirus is consistent with observations in mouse studies (47) . In mice inoculated orally with live EDIM, the serum IgA antibody titer was 2.8-fold higher than that in mice inoculated i.n. with purified inactivated double-layered EDIM particles plus LT as adjuvant (47) . However, inoculation of mice with either live EDIM or purified inactivated double-layered EDIM particles elicited complete protection against virus shedding. The mean numbers of virus-specific IgA ASC in the intestinal lymphoid tissues of pigs inoculated with two doses of attenuated Wa HRV, which conferred partial protection (33% protection rate against diarrhea) (71), were lower, but not significantly, than in pigs inoculated i.n. with two or three doses of SA11 2/6-VLPsϩmLT in the present study. However, the IgA ASC responses of pigs to the 2/6-VLPs in this study were not associated with protection against rotavirus diarrhea and shedding. Because the SA11 2/6-VLPs belong to subgroup I and the pigs were challenged with subgroup II Wa HRV, we investigated if differences in subgroup (VP6) specificity affected 2/6-VLP vaccine efficacy and protection in pigs. We found no significant differences between SA11 and Wa-RF 2/6-VLPs in inducing immune responses or protection to Wa HRV challenge.
It is unclear why 2/6-VLPs did not confer protection in FIG. 2 . Isotype-specific ASC to Wa HRV in gnotobiotic pigs inoculated i.n. with three doses of SA11 2/6-VLPsϩmLT (s), Wa-RF 2/6-VLPsϩmLT (o), or mLT control (ᮀ) and challenged with virulent Wa HRV. MNC from duodenum, ileum, and MLN (A) and from spleen, PBL, and BM (B) of pigs were collected and tested by ELISPOT assay on PID 28/PCD 0 and on PID 35/PCD 7, respectively. Data represent the mean number of Wa HRV-specific ASC per 5 ϫ 10 5 MNC for four to five pigs at each time point; error bars represent standard error of the mean. ‫,ء‬ significant difference (Kruskal-Wallis rank sum test, P Ͻ 0.05) in ASC numbers between PID 28/PCD 0 and PID 35/PCD 7 for the same isotype in the same group; @, significant difference (Kruskal-Wallis rank sum test, P Ͻ 0.05) in ASC numbers between SA11 2/6-VLPsϩmLT and Wa-RF 2/6-VLPsϩmLT groups for the same isotype at the same time point; #, significant difference (Kruskal-Wallis rank sum test, P Ͻ 0.05) in ASC numbers compared to mLT controls for the same isotype at the same time point.
neonatal pigs compared to the protection against rotavirus shedding induced by 2/6-VLPs in the adult mouse model (54) . In pigs, like in mice, 2/6-VLPs did not induce VN antibodies, as expected, because of the lack of the outer capsid proteins VP4 and VP7, which induce VN responses. Also, inoculation of pigs with 2/6-VLPs did not nonspecifically enhance the VN responses by PCD 7. There are a number of possible reasons for the different results obtained for pigs and mice. First, our findings in pigs suggest that the IgA antibodies induced against VP2 or VP6 in the 2/6-VLPs are not protective against rotavirus-induced diarrhea in pigs and that IgA rotavirus-neutralizing intestinal and/or other (e.g., NSP4) (3, 36) antibodies may be necessary for protective immunity in pigs. Investigation of antibody responses of rabbits immunized with 2/6-VLPs, 2/6/ 7-VLPs, or 2/4/6/7-VLPs showed that the presence of neutralizing antibodies to VP4 correlated with enhanced protection rates, even though VP4 was not absolutely required to achieve protection from infection in the rabbit model when Freund's adjuvant was used with the VLPs (14) .
Second, the doses of VLPs given to mice (10 g) (53, 54) versus pigs (250 g) may be a factor because the relative dose of VLPs used in mice (ϳ0.4 g/g of body weight) was generally much higher than in pigs (ϳ0.2, 0.1, or 0.073 g/g for the first, second, or third dose, respectively). Thus, the lack of protection of 2/6-VLPs in pigs may be due to the reduced relative doses of VLPs in pigs. However, dose studies in adult mice indicated that two i.n. doses of purified, inactivated doublelayered rotavirus particles as low as 0.043 g of VLPs/g of body weight plus 10 g of mLT induced a 97.5% protection rate against rotavirus shedding (47) .
Third, the difference in the doses of mLT used in pigs (5 g) and mice (10 g) may also have affected the level of protection obtained. The 5 g of mLT per dose used in this study did significantly enhance the mucosal ASC responses of pigs to 2/6-VLPs, suggesting that this dose was sufficient for an adjuvant effect but may not have been sufficient to achieve optimal adjuvanticity. However, a 10-g dose of mLT administered i.n. to neonatal gnotobiotic pigs caused diarrhea in a high percentage of pigs; therefore, doses higher than 5 g could not be used in the piglets (data not shown).
Challenge doses of virulent rotavirus also differed between the mouse and pig studies. The challenge dose of EC wt rotavirus used in the study by O'Neal et al. (54) studies (71, 72) and in the present study was 10 6 ID 50 . The purpose of using this dose of heterologous (Wa) challenge virus was to ensure that nearly 100% of naive age-matched control pigs developed consistent infection and diarrhea. To induce consistent clinical responses in challenged pigs, generally a higher dose of heterologous virus than of homologous virus is required, similar to findings in mice (28, 35) . Also, the use of outbred gnotobiotic pigs (as for humans) is likely to result in responses more variable than those seen in studies using inbred mice strains (44, 45, 46, 47) . Additionally, from a clinical standpoint, children naturally infected with rotavirus shed massive amounts of rotavirus in stools, up to 10 10 to 10 11 particles per g of stool for 3 to 7 days, equating to 10 6 particles in 0.1 g of stool (19) . Because children may be commonly exposed to such large amounts of virus, to evaluate the protective efficacy of vaccines, it is highly relevant to assess protection against a dose of challenge virus more comparable to that likely to be encountered under natural conditions. Moreover, we have previously shown that prior infection of neonatal pigs with virulent Wa HRV will protect pigs to a high degree (87% to 100%) against challenge with this same dose (10 6 ID 50 ) of homologous virulent Wa HRV for at least 3 to 4 weeks postinoculation (71) , further confirming that infection with virulent rotavirus can confer protective immunity.
Although i.n. immunization was used in both mice and gnotobiotic pigs, there was a difference in that mice were anesthetized (54) or sedated (47) for i.n. inoculation but pigs were not. This may also have contributed to differences in results seen between mice and pigs. In mice immunized i.n. with human papillomavirus type 16 VLPs, immunization with and without anesthesia resulted in different patterns of immune responses (25) . Higher titers of IgG antibodies in serum and IgA antibodies in vaginal secretions were detected in mice inoculated i.n. with VLPs while anesthetized, compared to titers in nonanesthetized mice at the time of immunization. In the present study, pigs were not anesthetized to mimic the i.n. approach for vaccinating human infants. Significant intestinal effector and memory B-cell responses were induced following this method of i.n. inoculation of pigs, indicating the efficacy of the i.n. route for stimulating mucosal immune responses.
The pathogenesis of rotavirus disease in pigs and probably in human infants differs from that in mice (19, 57, 58) ; therefore, the mechanisms of protective immunity may differ in these models. Rotavirus infection of young pigs and human infants induces watery diarrhea, anorexia, depression, and dehydration (19, 48, 57) . Pronounced histologic changes (e.g., villous atrophy as a result of virus replication and epithelial cell lysis) occurs in gnotobiotic pigs infected with virulent Wa HRV (67), FIG. 3 . Isotype-specific memory B cells to Wa HRV in gnotobiotic pigs inoculated i.n. with two doses of SA11 2/6-VLPsϩmLT (s) or SA11 2/6-VLPs alone (s) or with three doses of SA11 2/6-VLPsϩmLT (o) or mLT control (ᮀ) and challenged with virulent Wa HRV. MNC from ileum, MLN, spleen, PBL, and BM of pigs were collected on PCD 0 and PCD 7. After the MNC were restimulated in vitro with semipurified Wa HRV antigen in cell culture for 5 days, isotype-specific ASC which derived from memory B cells were quantitated by ELISPOT assay. The viabilities of MNC from the duodenum were too low for testing after 5 days of in vitro culture. Data represent the mean number of Wa HRV-specific memory B cells per 5 ϫ 10 5 viable MNC for four to five pigs at each time point; error bars represent standard error of the mean. ‫,ء‬ significant difference (Kruskal-Wallis rank sum test, P Ͻ 0.05) in memory B-cell numbers between PCD 0 and PCD 7 for the same isotype in the same group; @, significant difference (Kruskal-Wallis rank sum test, P Ͻ 0.05) in memory B-cell numbers between two-and three-dose SA11 2/6-VLPsϩmLT groups for the same isotype at the same time point; #, significant difference (Kruskal-Wallis rank sum test, P Ͻ 0.05) in memory B-cell numbers compared to mLT controls for the same isotype at the same time point. and similar intestinal villous atrophy has been reported for human infants (19, 23, 58) . In mice under 15 days of age, homologous rotavirus infection causes diarrhea and lethargy but only mild intestinal lesions, consisting of vacuolization of villous tip epithelial cells with little or no villous atrophy (40) . In adult mice, rotavirus infection occurs without causing disease or histopathologic changes (69) . Such differences may be important to consider in extrapolating challenge results from the mouse model in which only protection against rotavirus shedding can be evaluated.
Finally, differences in the protective efficacy of 2/6-VLPs in pigs and mice may also have been influenced by the differences in timing of the immunizations and rotavirus challenge. Mice received three doses i.n. of 2/6-VLPs with mLT at 0, 14, and 45 PID and were challenged 1 month after the last vaccine dose (54) . This vaccination and challenge schedule may have maximized the immune responses by the time of challenge, resulting in protection from rotavirus shedding in mice. In pigs infected with Wa HRV, or mice and rabbits infected with homologous live rotavirus, optimal antibody titers are achieved at PID 21 to 28 (17, 18, 71) . However, the kinetics of the immune response to nonreplicating vaccines is likely much different. Typically, only low levels of antibody responses are observed after the first dose of nonreplicating rotavirus immunogens, and antibody responses increase following the second or subsequent doses administered i.m. or i.n. to rabbits, mice, or pigs (17, 21, 64; M. Ciarlet et al., unpublished data). Therefore, timing of vaccine doses relative to each other and to the rotavirus challenge are likely to be critical for nonreplicating vaccines. Although in the present study and previously, we used an immunization and challenge schedule shorter than that used for mice with inactivated rotavirus or VLP vaccines, this shorter two-or three-dose schedule evoked at least moderate to high antibody responses to nonreplicating rotavirus vaccines but failed to induce significant protection in gnotobiotic pigs (64, 72 ). An inactivated rotavirus vaccine administered i.m. to pigs by the same schedule as the current VLP vaccines induced extremely high VN and ELISA IgG rotavirus antibody titers in serum and high numbers of IgG ASC in systemic lymphoid tissues but little or no protection (64, 72) . Similarly, in the present study, two doses of SA11 2/6-VLPs without mLT and in the previous study (71) two doses of attenuated Wa HRV induced similar mean numbers of IgA ASC in the intestines of pigs, but only the attenuated Wa HRV induced partial (33%) protection against disease (71) . Two or three doses of SA11 2/6-VLPsϩmLT induced even higher mean numbers of IgA ASC in the intestines of pigs compared to pigs inoculated with three doses of attenuated Wa HRV, but again, only the latter induced partial (62%) protection against diarrhea in pigs (Yuan et al., unpublished data), suggesting that the difference in VLP immunization and challenge schedule alone may not entirely explain the failure of 2/6-VLP to confer protection in pigs. Thus, whether simply increasing the intervals between inoculation and challenge using nonreplicating vaccines in the pig model would induce antibody responses higher than those induced previously and greater protection is unclear.
There are numerous reports of protective immunity against rotavirus infection in mice induced by various routes of inoculation using different forms of rotavirus antigen (e.g., live or inactivated, homologous or heterologous rotavirus [16, 28, 44, 45, 46, 51] ); recombinant rotaviral proteins or VLPs [12, 53, 54] ; and DNA plasmids [8, 9, 31] ). To date, the protective efficacy of the inactivated or 2/6-VLP rotavirus vaccines in the adult mouse model (protection against infection) did not predict the protective efficacy against rotavirus disease in the neonatal pig model. Protection of neonatal pigs against rotavirus diarrhea may require much higher levels of intestinal IgA antibodies or IgA antibodies with neutralizing specificity against VP4 or VP7 than protection of adult mice against rotavirus infection. However, both virulent Wa and live EDIM rotaviruses induced in the intestinal lamina propria IgA antibodies which were correlated with protection of mice and gnotobiotic pigs, respectively (15, 28, 71) . The association between local (fecal) IgA antibody responses to HRV and protection against rotavirus disease has also been reported after natural rotavirus infection of children (20, 42, 43, 55, 68) and from some oral rotavirus vaccine trials in humans (4, 30) .
Protection induced by the i.n. route with live or inactivated rotavirus, either triple-or double-layered particles, was not included as a control in this study in pigs. Therefore, it is difficult to know whether the lack of protection in pigs compared to mice is due to differences in the ability of pigs and mice to respond to immunogens administered by this route with mLT or due to the differences discussed earlier. Future studies will examine the immunogenicity and protective efficacy of Wa 2/4/6/7-VLPs and will include a few pigs inoculated with purified inactivated triple-or double-layered Wa HRV as controls. Because 2/4/6/7-VLPs induce VN antibodies, this will allow assessment of their role in conferring protection. Also, by determining protein-specific ASC responses to 2/4/6/7-VLPs, the correlation between antibodies against individual rotavirus proteins and protection can be assessed.
In conclusion, 2/6-VLPs administered i.n. to pigs were immunogenic and induced ASC and memory B-cell responses but did not induce protection. Our findings indicate that the levels of protection induced by 2/6-VLPs differ between the adult mouse model of rotavirus shedding and neonatal pig model of rotavirus-induced diarrhea.
